ABSTRACT: It has recently been suggested that iron is a limiting factor for phytoplankton production in nutrient-rich seas. Here we report on a group of bacteria in coastal marine surface waters forming extensive appendages with apparently high affinity for iron and manganese [Fe-Mn bacteria). Bacteria and particles were harvested by centrifugation onto grids for Transmission Electron Microscope (TEM) X-ray rnicroanalysis. Four different rnorphotypes of Fe-Mn bacteria were identified. The total numbers of these bacteria were at the highest in the range of 5.5 X 103 to 1 5 X 104 ml-' The amount of iron bound was 10 to 110 fg cell-' includ~ng appendages, and the Mn.Fe ratio (w/w) of the metal-encrusted appendages varied between 0.37 and 5.7 In some environments the Fe content of these bacteria was equivalent to a bulk concentration of about 10 nM. The Fe and Mn content per unit biomass of these bacteria is 1000 to 10000 times that of most other microorganisms. These organisms may thus be important for both cycling and sedimentation of Fe and Mn in marine ecosystems and for marine productivity.
INTRODUCTION
Iron is one of the most important bio-active trace metals in marine ecosystems and its role in controlling marine primary production has been emphasized (Gran 1931 , Martin & Fitzwater 1988 , Martin 1992 , Cullen 1995 . The reason for 'high nutrient, low chlorophyll' (HNLC) ocean areas has been an intriguing question for many years. The ecumenical iron hypothesis (More1 et al. 1991) has been summarized to suggest that no single factor regulates primary production in these areas, but that grazing together with e.g. iron availability is growth controlling (see Cullen 1995 for further discussion). De Baar et al. (1995) showed that iron availability was a critical factor for phytoplankton blooms in the Southern Ocean, but did not prove that macro-nutrient and CO2 depletion was a function of iron supply (Cullen 1995) . The distribution of iron in the microbial communities of surface waters is also unknown: do high affinity organisms sequester iron in amounts that leave other groups iron-limited? It has been reported that the small dominant flora in HNLC areas is not Fe-limited, and this was hypothesized to be due to their small cell size and high affinity for iron (Miller et al. 1991) . The plankton elemental composition given as molar ratios of P:Fe (normalized to P) is roughly 1 0 -~ (Brand 1991 and references therein) These measurements may include a variety of particles of both biotic and inorganic matter, and any information on distribution of iron in various particle fractions is apparently unknown.
Loss of iron from surface water through sinking of colloidal aggregates or large particles containing iron has been suggested (Martin et al. 1994) . If the sinking material has a nutrient content equivalent to the Redfield type ratio (C:N:P:Fe:Mn = 106: 16: 1 :0.005:0.0004; Bruland et al. 1991) , estimates of total production and export production (sedimentation) seemed fairly simple to achieve. The iron hypothesis, which suggests that iron is a limiting nutrient for productivity and accordingly for drawdown of carbon, has apparently been based on a Redfield ratio nutrient content (Martin et al. 1991 , Watson et al. 1994 . If the uptake or binding of iron is substantially higher than that given by the stoichiometry of the Redfield ratio, the export production will result in a removal of iron without concomitant removal of macronutrients and CO,.
Here we report that a relatively abundant group of bacteria in coastal waters sequesters large amounts of iron and manganese on extracellular appendages. We suggest that this selective ability among microorganisms to sequester iron may have an influence both on sedimentation of iron and on productivity in surface waters.
MATERIALS AND METHODS
Sea water was collected from Samnangerfjorden (60" 14' N, 05" 35' E, October 1992) , Raunefjorden (60" 16' N, 05" 14' E, June and October 1993) , Hylsfjorden (5g032'N, 06"29'E, July 1995) in Norway; the coastal area at Tvarminne (5g051'N, 23"16'E, July 1993), Finland; and Aarhus bight (Knebel Vig, June 1992), Denmark. The samples were collected from surface waters, 0 to 5 m, and all preparations for analyses were made within 2 h after sampling. The cell counts were made from Transmission Electron Microscope (TEM) preparations as described elsewhere (Heldal et al. 1994) .
Microorganisms and particles were harvested by centrifugation onto AI-grids supported with a carboncoated formvar film (Heldal 1993) . The grids were airdried and analyzed in a JEOL 100 CX (TEM) equipped with a Tracor Z-MAX 30 X-ray detector featuring silicon crystal and Norvar single window. Neither fixatives nor stain were applied. These preparations also allow quantitative analyses of all major elements in cells except hydrogen (Norland et al. 1995) .
RESULTS
The Fe-Mn bacteria included in this study (Fig 1A- L, Table 1 ) were all from coastal surface waters (0 to 5 m). They were discrete particles and were not associated with suspended or sinking matter. Like other bacteria, the Fe-Mn bacteria were easily seen by TEM in unfixed and unstained whole cell preparations due to their high electron density. The high electron density Table 2 ) including appendages ( Fig. 2A) , the grid film background ( Fig. 2B ), the appendage ( Fig. 2C) , and from part of the cell (Fig. 2D ). These figures show that the Fe-Mn content of the cell is in the appendages (Fig. 2C) , and the small amount of Fe-Mn in cells ( Fig. 2D ) is negligible and most probably from the appendage of the cell. The iron signal is also evident from a small peak of the Fe KO) line at 7.057 keV (A and C). Cu and AI peaks are from the microscope and from the grid respectively Based on the morphology of the metal-encrusted appendages, the bacteria could be assigned to 4 different groups. The Group I bacteria (Fig. 1A-C) have the metals encrusted on 15 to 20 polar rod-shaped appendages at one end of the cells. The metal-encrusted rods were 1 to 2 pm long and 50 to 200 nm wide. Selected area diffraction analysis of the appendages gave no evidence for crystalline metal deposits. In Group I1 (Fig. ID-F ) the appendages form wire-like twisted loops. The total lengths of the appendages were in the range of 100 to 400 pm. Group 111 bacteria (Fig. 1G-I ) consisted of cells with 8 to 10 'arms' surrounding the cells. The arms were built of a reticulate network on which iron and manganese were encrusted. In Group IV bacteria (Fig. 1J-L) iron and manganese were encrusted onto a ring 1.5 to 2 cell diameters away from the cell. The cells of this group did not contain detectable amounts of iron and manganese (i.e. <0.05 fg). In our unstained preparations no visible connection was seen between the cells and the ring outside, but X-ray microanalysis showed significant amounts of carbon in the area between the cell and the metalencrusted ring. Cells from the other groups could hardly be analyzed without interference from the appendages, as shown in Fig. 2D , where partial analysls of a Group I1 cell is shown. In Fig. 3 we present a more detailed study of the Group I1 bacteria from Hylsfjorden. The appendages of this group are loop-formed structures with 1 or 2 free ends (Fig. 3A, C, D) . Cells shown in Fig. 3A and E were from a nutrient enriched bag experiment, while the other cells shown in Fig. 3 were from open sea water. The cells of this group were pear-shaped and morphologically uniform, and occasionally dividing cells were observed (Fig. 3D, F) . The metal content of the appendages varied considerably from an apparently dot wise metal-encrusting on loopforming organic material (Fig. 3E, 3F ) to densely metal-encrusted loops (Fig. 3G, 3H ). Appendages with uneven metal content (Figs. 2B & 3H) on the loops were commonly seen.
The volumes of the Fe-Mn bacteria are nearly 1 order of magnitude larger than the average volumes of other bacteria (0.11 to 0.31 pm3) from the same locations (Fagerbakke et al. 1996) .
During summer and early autumn the abundance of Fe-Mn bacteria ranged from 5.5 X 103 to 5 X 104 ml-' in coastal waters (Table 1) . On average they constituted about 0.5% of the total bacterial numbers. The total amount of iron per cell, including appendages, was in the range of 9 to 110 fg (Table 2) , and the mean Mn:Fe ratio varied from 0.37 i 0.007 to 5.7 + 1.1. Variations in this ratio seemed more related to growth conditions than to differences between species. The average molar ratio for C:Fe:Mn was 30:l:l.
DISCUSSION
The evidence for the Fe-Mn bacteria reported here is based on the following: (1) the cells had bacterial size and n~orphology, and dividing stages have been observed for all groups; (2) the chemical composition of the cells, e.g. C:N:P ratios, and the content of diffusible ions were similar to those of other marine bacteria (Tuomi et al. 1995 , Fagerbakke et al. 1996 . For Group I, I1 and probably I11 organisms the metal-encrusted appendages seemed closely linked to the cell wall and even partly extended into the cell. This obscured analyses of the metal content of whole cells, but analyses of cell parts, not including any appendages, did not reveal any significant content of iron or manganese. Although the cells shown in Fig. 3 appeared morphologically similar, they may represent more than 1 species. Assuming that they represent 1 species, we may point to some mechanisms related to the formation of the metal-encrusted appendages: (1) the loops are formed as continuous structures with 2 free ends extending from the cells (Fig 3C, D) ; (2) the appendages forming as loops of organic material and the metalencrusting are a secondary process (Fig. 3E , F in contrast to Fig. 3G, H ) ; (3) no visible appendages are seen on new sibling cells (Fig. 3D, F) , a fact which supports the former statement, or suggests that the formation of appendages is related to certain cell cycle stages. For the other groups of the Fe-Mn bacteria, there are also indications of the metal binding being a secondary process, after the production of appendages possessing the metal affinity. The evidence for this is from differences in electron density (Fig. IC, B, L, K) , and from X-ray counts of the appendages. A somewhat similar mechanism has also been described for the appendaged iron bacteriiim Gai,'ioiieJla sp. (1 Ieidai & Tiiiiij; i 1983) . This would imply that the metal ions are not taken up and excreted by the cells, but rather passively bound to the extracellular structures.
The Group I11 cells ( Fig. 1G-H) do not show any obvious bacterial morphology, but they are included on the basis of size and elemental composition, and the fact that w e are not aware of any such structures belonging to other groups of organisms. For Group IV cells (Fig. 1J-L) iron and manganese encrustation was at the outer edge of an extracellular organic disc around the cells. The cells of Group IV did not contain detectable levels of iron and manganese. For the total counts at low magnification (x3300 to 8300) we could only score for the metal-encrusted appendages, but during these studies we observed only a few appendages without attached cells.
From data on total counts of Fe-Mn bacteria and their metal content (Tables 1 & 2) w e estimate that this group of cells may account for up to 10 nM Fe in Raunefjorden and Tvarminne.
Lake water bacteria of similar sizes and with iron and manganese sequestered in granules outside the cell wall have been shown to contain carboxysomes and thylacoid-like membranes, indicating their autotrophic and possibly cyanobacterial affiliation (M. Heldal pers. obs.). We cannot exclude the possibility that the Fe-Mn bacteria reported here are autotrophic organisms in which metal sequestration may be part of energy harvesting or detoxification of cells.
Generally we do not see any capsules or metal encrustation on marine pelagic bacteria (e.g. Bsrsheim et al. 1990 . Fagerbakke et al. 1996 . The capsule formation on bacteria may be related to several factors, and among those the availability of carbon, combined w t h depletion of nutrients like phosphorus or nitrogen, is important. The microbial communities in Hylsfjorden 1995 were phosphorus-limited (F. Thingstad pers. comm.), but we did not observe capsules or appendages on bacteria other than those belonging to Group 11.
Fe and Mn deposits associated with capsulated bacteria have been reported in samples from sediment traps at 5 d.ifferent Pacific Ocean stations (Cowen & Silver 1984) , from suspended particles in the water, and larger particles from sediment traps in the eastern subtropical North Pacific (Cowen & Bruland 1985) , and off the Oregon (USA) coast (Cowen 1992) . Some of the bacterial capsules reported by Cowen (1992) show striking morphological similarities to the Group I and 111 bacteria reported m this study. In our studies of glutaraldehyde fixed samples from open ocean areas, we have not found any Fe-Mn bacteria. The most likely reason for this is that the metal-encrusted appendages seem not to be preserved in stored glutaraldehyde fixed samples (authors' unpubl. obs.) .
IIigh :ieqiieiicies of cells with capsiiles [Msriariji h Hayward 1982) , and with iron and manganese encrusted capsules (Cowen & Silver 1984 , Cowen & Bruland 1985 , Cowen 1992 , have been reported for marine sediments. These results may suggest a more rapid sedimentation or higher stability of these bacteria than other non-capsulated ones, since cells with capsules are rarely seen among planktonic bacteria. It has been hypothesized that the sources of iron and manganese in sediments are from re-solubilization of metals in micro-environments with reduced pE (the negative logarithm of the redox potential) (Cowen & Silver 1984 , Cowen & Bruland 1985 , or from re-scavenging of metals onto marine particles in the deep water (Bruland et al. 1991) . Our results show that the metals may be sequestered in oxygenated surface sea water and not solely in deep water and sediments.
Loss of iron from the production zone has been hypothesized as one possible mechanism of why nutrients were not completely consumed during the IronEx experiment: 'Iron was lost from the system due to colloidal aggregation and/or sinking of larger particles containing iron' (Martin et al. 1994 ). The initial concentration of nitrate was 10.8 yM and by adding 4 nM iron (Martin et al. 1994) , most of the nitrate should have been consumed; and, accordingly, a reduction of 70 PM carbon (C:N = 6.6:l) should have occurred. The measured CO2 reduction was only about 7 VM (Watson et al. 1994) , and thus the sinking material would have a N:Fe ratio of 250 if sedimentation should explain the loss of iron in the IronEx experiment. For oceanic algae a C:Fe ratio of 105 has been assumed (de Baar et al. 1995) , but from the numbers given above a C:Fe ratio of 1750 is estimated for sinking material.
If parts of the sedimenting biomass have molar C:N:Fe ratios in ranges of 3:0.5:1 to 52:13:1 as seen in our studies (Table 2) , iron could be depleted from the surface water without any substantial drawdown of carbon and major nutrients like nitrogen and phosphorus.
The total content of C and N of the appendages was approximately 6 times higher than that of the cells (Table 2) . A few marine microorganisms have been shown to acquire iron through a siderophore-mediated uptake system (Reid & Butler 1991) . For the appendages we found a molar N:C ratio of 0.20, which is close to the values for some low n~olecular weight siderophores with high Fe3+ affinity constants. Since other transition metals are also complicated by these compounds (Butler et al. 1989) , their function may be of importance for trace metal sequestration.
The information on the Fe cycle within the photic zone of marine waters is still scarce (Bruland et al. 1991 ), but it is reasonable to anticipate a solubilization of particulate or colloidal forms of Fe, and a secondary sorption of Fe to a siderophore-type of compound on the bacterial appendages. As stated by Bruland et al. (1991) photoreductive dissolution of Fe (111) in oxides and organic material may enhance the biological availability of iron.
We suggest that the groups of Fe-Mn bacteria reported here proliferate in coastal surface waters and are responsible for a significant export of metals to the deep waters and sediments. Independent of the mechanisms of iron sequestration, the possible ecological importance of this group of organisms calls for further studies.
